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For bal l is t ic  en t ry ,  the  sphere-cone  shape  has  been  a p r i m a r y  s u b j e c t  of s t u d y  
a n d  d e s i g n  s i n c e  t h e  idea of r e t u r n i n g  a vehicle through the  Ear th ' s  a tmosphere  w a s  
f i r s t  c o n c e i v e d .  R e s u l t s  from expe r imen ta l  s tud ie s  conduc ted  on sphere-cones a t  
supersonic  and hypersonic  Mach numbers are extens ive .  Most of t h e  e a r l y  work w a s  
conducted on cones with small ha l f -angles  (less than 40° )  because they were candi-  
d a t e s  f o r  ba l l i s t i c  r e e n t r y  i n t o  o u r  own atmosphere.  References 1 and 2 provide sum- 
mary tables and a compi l a t ion ,  r e spec t ive ly ,  o f  t he  major body of data  on cones up 
through  the  mid-1960's .   Par t icular   examples   of  some of t h e  e a r l y  e x p e r i m e n t a l  work 
are g i v e n   i n   r e f e r e n c e s  3 t o  13.  In later work ( r e f s .  14 t o  22) ,   cones   wi th   l a rger  
ha l f -angles  were s t u d i e d  w i t h  i n c r e a s i n g  i n t e r e s t  as c a n d i d a t e s  for  p l a n e t a r y  e n t r y  
p robe  conf igu ra t ions ;  t hese  s tud ie s  used  seve ra l  tes t  gases  such as helium,  carbon 
d ioxide ,   and   te t ra f luoromethane   ( re fs .  23 t o  2 8 ) .  Moreover, the  sphere-cone  has  been 
used as the  forebody shape  of  probes  for  the  Vik ing  Pro jec t  (Mars) and  Pioneer  Venus, 
and it is  p lanned  fo r  u se  on P r o j e c t  Galileo ( J u p i t e r ) .  
Because of the severe heating environments and the associated complex f l o w  
f i e l d s  d u r i n g  p l a n e t a r y  e n t r y ,  f i n a l  a e r o t h e r m o d y n a m i c  d e s i g n  f o r  p r o b e s  m u s t  h e  
determined using computat ional  methods,  with experimental  resul ts  used t o  v a l i d a t e  
these  methods  and  to  provide  a d a t a  base f o r  i n p u t s  t o  e m p i r i c a l  t e c h n i q u e s  or cor re-  
l a t ion   p rocedures  ( ref .  29) .  As computat ional   techniques  have  been  developed for  t h e  
des ign  of sphere-cone entry probes, work on so -ca l l ed  "ana ly t i ca l  shapes"  such  as t h e  
hype rbo lo id ,   pa rabo lo id ,   and   e l l i p so id   has   a l so   f l ou r i shed .  The a n a l y t i c a l   s h a p e s ,  
w i th  the i r  con t inuous  su r face  cu rva tu res  and  smoo the r  va r i a t ions  o f  f low p rope r t i e s ,  
are idea l   fo r   s tudy   u s ing   computa t iona l   t echn iques .   A l though   t he   d i scon t inu i ty   i n  
s u r f a c e  c u r v a t u r e  a t  t h e  j u n c t i o n  p o i n t  on the sphere-cone has been managed  by theo- 
r e t i c i a n s ,  it is still a problem and one that  increases  as more complex f l o w  models 
are deve loped .   Ce r t a in ly ,   ana ly t i ca l   shapes  are more amenable  for  use  with  complex 
theore t ica l   t echniques .   S ince   hyperbolo id   shapes   can  be a d j u s t e d  t o  match  sphere- 
cone shapes almost i d e n t i c a l l y ,  t h e  h y p e r b o l o i d  c o u l d  p o s s i b l y  replace the  sphere-  
cone  with  no loss in  pe r fo rmance  bu t  a s u b s t a n t i a l  g a i n  i n  t h e  a b i l i t y  t o  ana lyze  the  
f l o w  f i e l d .  
The p r e s e n t  i n v e s t i g a t i o n  e x a m i n e s  t h e  m e a s u r e d  a n d  p r e d i c t e d  p r e s s u r e  d i s t r i -  
bu t ions ,  forces  and  moments, and shock shapes for  a geometr ical ly  matched sphere-  
cone  and  hyperboloid.  A sphere-cone  with a cone half-angle  of 45O and a nose-to- 
base r a d i u s  r a t io  of 0.50 w a s  c h o s e n ,  s i n c e  t h i s  p a r t i c u l a r  s h a p e  w a s  used for  t h e  
Venusian  probes  and i s  p lanned  fo r  u se  on t h e  J o v i a n  probe. The nose  bluntness  and 
the  asymptot ic  angle  of a hyperboloid were a d j u s t e d  t o  match the  shape  of  the  sphere-  
cone as c l o s e l y  as p o s s i b l e  w i t h  i d e n t i c a l  l e n g t h s  a n d  base diameters .  The matching 
hyperboloid has  a nose radius  of  0.5276 in .  and  an  asymptot ic  angle  of  39.9871O. 
Two sets of  models  (one for  p r e s s u r e  tests and  one  for  force  and  moment tests) were 
cons t ruc t ed   fo r   each   shape .  A l l  tests were conducted i n  t h e  22-inch  aerodynamics  leg 
of the Langley Hypersonic Helium Tunnel F a c i l i t y  a t  a free-s t ream Mach number of 
20.3 and a free-s t ream  uni t   Reynolds  number of  6.83 x 10 per foot. P r e d i c t i o n s  from 
a t h e o r e t i c a l  method  by Kumar and Graves (ref. 30) w e r e  used for  comparisons with the 




model  base  area, i n  
area over which base pressure is assumed t o  a c t ,  i n  
d i s t a n c e  from vertex to center of hyperhola,  i n .  



























a x i a l - f o r c e  c o e f f i c i e n t ,  Axial  force 
qA 
base -p res su re   co r rec t ion   coe f f i c i en t   ( eq .  (6)) 
ax ia l - fo rce   coe f f i c i en t   co r rec t ed   fo r   base   p re s su re   ( eq .  (6)) 
d r a g  c o e f f i c i e n t ,  Drag fo rce  
CIA 
l i f t  c o e f f i c i e n t ,  L i f t  f o rce  
qA 
pi tching-moment  coeff ic ient ,  
P i t ch ing  moment 
qAd 
normal - force  coef f ic ien t ,  
model  base  diameter, i n .  
l i f  t - d r a g   r a t i o  
Mach number 
Normal fo rce  
q A  
f ree-s  tream Mach number 
p re s su re ,   p s i a  
base  p re s su re ,  p s i a  
p r e s s u r e   v a l u e   a t  s = 0, p s i a  
s t a g n a t i o n  p r e s s u r e ,  p s i a  
f ree-s t ream pressure ,  ps ia  
f ree-s t ream dynamic pressure,  psia  
free-s tream Reynolds number based on d 
model base  rad ius ,  i n .  






nose  b lun tness  ra t io  
to t a l  d i s t a n c e  from nose t o  co rne r  ( a long  body  su r face ) ,  i n .  
temperature , OR 
s t agna t ion   t empera tu re ,  OR 
free-stream v e l o c i t y ,  ft/sec 
c y l i n d r i c a l   c o o r d i n a t e s   ( f i g .   2 ( a ) )  
cy l ind r i ca l   coo rd ina te s   nond imens iona l i zed  by rn 
ang le  o f  a t t ack ,  deg  
cone half-angle  or asymptotic angle ,  deg 
dynamic   v i scos i ty ,   s lugs / f  t-sec 
r o l l  a n g l e ,  d e g  
EXPERIMENTAL  APPARATUS AND TEST  PROCEDURES 
F a c i l i t y  a n d  T e s t  C o n d i t i o n s  
The expe r imen ta l  r e su l t s  p re sen ted  he re in  were obtained in  the 22-inch aerody-  
namics l e g  of the  Langley  Hypersonic H e l i u m  Tunnel  Faci l i ty ,  which is a closed-cycle ,  
blowdown f a c i l i t y .  The f a c i l i t y  h a s  a contoured axisymmetric nozzle  which  expands 
t h e  f l o w  i n t o  a windowed tes t  s e c t i o n  ( f i g .  1 )  having a nominal  cross-sect ion diam- 
e ter  of 22 i n .  An electron-beam  device is mounted atop t h e  t e s t  s e c t i o n  t o  p r o v i d e  
f l o w - v i s u a l i z a t i o n   c a p a b i l i t y .   C a l i b r a t i o n   s u r v e y s  (ref. 3 1 )   i n d i c a t e  a range  of 
average test-core Mach numbers  from  17.2 t o  22.2 a t  s t a g n a t i o n  p r e s s s u r e s  o f  200 psia 
to  3000 p s i a ,  r e s p e c t i v e l y .  The f a c i l i t y  can be opera ted  a t  s t agna t ion   t empera tu res  
from  ambient t o  960OR. The average   dura t ion   of  a t e s t  run is  30 sec. The helium is 
then  co l l ec t ed ,  pu r i f i ed ,  and  stored in  h igh -p res su re  t anks  fo r  subsequen t  tests. 
O p e r a t i o n  o f  t h i s  f a c i l i t y  a n d  d e t a i l s  o f  t h e  f l o w  c h a r a c t e r i s t i c s  are p r e s e n t e d  i n  
r e f e r e n c e  31. A l l  p r e s e n t  tests were conducted a t  the  fol lowing  nominal   f low 
condi t ions :  
Mm = 20.3 
pt = 1015 psia 
Tt = 520°R 
R-, d = 1.71 x 106 
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Mode Is 
The hyperboloid shape w a s  matched to  the sphere-cone shape ( 0  = 45O, 
r /rb = 0.50) u s i n g  e q u a t i o n s  b a s e d  o n  t h e  c o o r d i n a t e s  i n  figure 2 ( a ) .  The t w o  
&apes were c o n s t r a i n e d  for i d e n t i c a l  l e n g t h s  a n d  base diameters  and were t o  match 
c o o r d i n a t e s  as c l o s e l y  as possible. T a k i n g   j u s t   t h e  x 2 0 por t ion   o f  a hyperbola 
w i t h  t h e  v e r t e x  a t  (0,O) a n d  t h e  c e n t e r  (asymptote j u n c t i o n )  a t  (-a,O), t h e  g e n e r a l  
equat ion  is as fol lows:  
( x  + a )  2 r  2 
a b2 2 
- - =  1 
Equat ion  (1)   can be s i m p l i f i e d  as fo l lows:  
2 b2 b2 2 r = 2 - ~ + -  a 2 X a 
or  in  d imens iona l  form,  
r2  = 2r x + x2  t an  e 2 n 
The nondimensional  form i s  obta ined  by s e t t i n g  i? = r/rn and Z = x/rn:  
Using  the  dimensional  form of   the   qua t ion   for   the   hyperbola ,  rn and 8 values  
w e r e  i t e r a t e d  u n t i l  t h e  f o l l o w i n g  were obtained:  
b2 
a n 




- t a n  8 = 0.7034 
where 8 = 39.9871 O .  
T h i s   e q u a t i o n   i n   a c t u a l   c o o r d i n a t e s   ( f o r  x and r i n   i n c h e s )  
r2  = 1 . 0 5 5 2 ~  + 0 . 7 0 3 4 ~  2 
produced the match as shown i n  f i g u r e  2 ( b ) .  
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A p r e s s u r e  model and a f o r c e - t e s t  model wi th  base diameters of 3.00 in .  were 
f a b r i c a t e d  for both the sphere-cone  and  hyperboloid  shapes.  (See f i g .  3.) Each 
p r e s s u r e  model w a s  designed with 16 o r i f i c e s  ( a l l  i n  t h e  same plane) which were 
spaced a t  s/st l o c a t i o n s  from 0 t o  0.956  on the  sphere-cone  and 0 t o  0.939  on t h e  
hyperboloid.  A s k e t c h  of each  p res su re  model and  the  orifice l o c a t i o n s  are pre- 
s e n t e d  i n  f i g u r e  4. The p r e s s u r e  models were machined from s t a i n l e s s  steel, and  the  
o r i f i c e - l o c a t i o n  h o l e s  were d r i l l e d  w i t h  a jigbore. S t a i n l e s s  s teel  tub ing  wi th  
0.020 i n .  i n s i d e  diameter w a s  then  cemented  in to  the  orifice l o c a t i o n .  
Force- tes t  models (used also f o r  shock-shape tests) w e r e  also machined f r o m  
s t a i n l e s s  steel. (See f ig .   5 . )  The t a p e r e d   c y l i n d r i c a l   s e c t i o n   e x t e n d i n g   b e h i n d  the 
model forebody w a s  designed t o  house  the  s t ra in-gage  ba lance  and  t o  have  no  in t e r f e r -  
ence effects  on the measured aerodynamic forces and moments. 
Tes t Methods 
The pressure measurements were conducted  wi th  the  pressure  models  a t tached  t o  a 
hol low s t ing  which  housed  the  pressure  tub ing .  The t u b i n g  diameter w a s  increased  
as much as possible to  r e d u c e  s e t t l i n g - o u t  times, and  the  tubes  were connected t o  a 
s tandard manifold system to  allow e a c h  o r i f i c e  a n d  i ts  associated plumbing to  be 
p r o p e r l y   t e s t e d   f o r   l e a k s .  Calibrated, capac i tance- type   p ressure   t ransducers  were 
u s e d  i n  c o n j u n c t i o n  w i t h  s i g n a l  c o n d i t i o n i n g  u n i t s  t o  record t h e  data onto magnetic 
tape. Reference   p ressure   runs  were conduc ted   da i ly   u s ing  a r e g i s t e r e d  " s t a n d a r d "  
d e v i c e  t o  he lp  ensu re  da t a  accu racy .  For each model, t h e  a n g l e  o f  a t t a c k  was set 
u s i n g  a ca the tometer ,  and  the  r o l l  angle  w a s  set  u s i n g  a n  a t t a c h e d  f i x t u r e  a n d  a n  
i n c l i n o m e t e r .   P r e s s u r e   d a t a  were reco rded   fo r  a = Oo, 5O, l o o ,  15O, and 18O and 
Q = Oo, 22.5O,  45O,  67.5O, 90°, 112.5O, 135O, 157.5O, and 180O. P res su re   da t a  on a l l  
16 o r i f i c e s  were reco rded   fo r  1 angle   o f   a t tack   and  1 r o l l  angle   for   each   run .  Run 
times varied  f rom  about  20 sec to  35 sec depending  upon  angle   of   a t tack.  Data w e r e  
recorded  cont inuous ly  over  the  l a s t  p o r t i o n  of the  runs ,  and  the  time h i s t o r i e s  were 
analyzed to  conf i rm  s teady-s ta te   va lues .   Before   changing   the  model r o l l - a n g l e  set-  
t i n g ,  d a t a  were o b t a i n e d  f o r  a l l  ang le s  o f  a t t ack .  Model r o l l  angle  w a s  def ined  as 
Oo when a l l  o r i f i c e s  were i n  t h e  ver t ical  p l a n e  w i t h  o r i f i c e  number 15 a t  the  top .  
By r o l l i n g  t h e  model 180° i n  22.5O increments ,  p ressures  were de termined  for  a l l  
16 s/st l o c a t i o n s  for a l l  9 mer id iona l   p lanes  by using  model symmetry. 
Force and moment tests were conducted with the models mounted on a s t i n g -  
supported,   six-component  strain-gage  balance.  The s t r a i g h t  s t i n g  was a t t a c h e d  t o  
the  angle-of -a t tack  mechanism,  and d a t a  were obta ined  for  2.5O increments  from -5O 
t o  17.5O.  The a n g l e  o f  a t t a c k  w a s  set  o p t i c a l l y  by u s i n g  a p o i n t  l i g h t  s o u r c e  a d j a -  
c e n t  t o  t h e  test s e c t i o n  a n d  a small lens-prism mounted on the rearward extens ion  
of t h e  model. The image of the source  w a s  reflected by t h e  prism and  focused  by 
t h e  l e n s  o n t o  p h o t o e l e c t r i c  cells a l i g n e d  a t  c a l i b r a t e d  i n t e r v a l s .  As r e f l e c t e d  a n d  
f o c u s e d  l i g h t  swept past each cel l  ( t h e  model is swept c o n t i n u o u s l y  f o r  force-test 
r u n s ) ,  a n  e lectr ical  r e l a y  w a s  energized and caused a h i g h - s p e e d  d i g i t a l  recorder 
t o  sample and record t h e  o u t p u t s  of the s t ra in-gage  balance  onto  magnet ic  tape. The 
data were then reduced using a s t a n d a r d  f o r c e - t e s t  program. The accuracy of the 
angle  of a t t a c k  is e s t i m a t e d  t o  be fO. 1 O .  Model base p r e s s u r e s  were measured a t  one 
l o c a t i o n  (see f ig .  61, a n d   t h e   a x i a l - f o r c e   c o e f f i c i e n t  CA w a s  c o r r e c t e d   u s i n g   t h e  
fol lowing equat ion:  





The r e f e r e n c e  area for t h e  models was t h e  base area A, and   t he   r e f e rence   l eng th  
w a s  t h e  base diameter  d. me pitching-moment  data were reduced  about   he  nose of 
each model. The t o t a l  e s t i m a t e d   u n c e r t a i n t i e s   i n   t h e   m e a s u r e d  s t a t i c  aerodynamic 
c o e f f i c i e n t s  based on f0 .5  pe rcen t  o f  t he  ba l ance  des ign  loads  and  the  unce r t a in t i e s  
i n  t u n n e l  f a c i l i t y  f l o w  c o n d i t i o n s  are as fol lows:  
p lan t i ta t ive   shock-shape   measurements   in   the   p lane   o f  symmetry for a = Oo, 5O, 
l o o ,  15O, and 1 8 O  were obta ined  by us ing   t he   e l ec t ron -beam  f luo rescence   t echn ique  
described i n  r e f e r e n c e  32. Photographs of t h e   m o d e l s   i n   t h e   i l l u m i n a t e d  f l o w  f i e l d  
were taken with a camera pos i t i oned  wi th  its opt ical  a x i s  n o r m a l  t o  t h e  p l a n e  of 
symmetry.  (See f ig .  6.) The ang le   o f   a t t ack  w a s  se t  w i t h  a ca the tomete r   be fo re   each  
run .   Ca lcu la t ions  t o  estimate t h e  error in t roduced   by   us ing   conica l   f ie ld-of -v iew 
photographs for measuring shock shapes as opposed t o  a p a r a l l e l - l i g h t ,  s c h l i e r e n - t y p e  
system showed t h e  e r r o r  t o  be less than  0.3 percent .  The shock-shape  values were 
d ig i t ized  f rom photographs  similar to  the one shown i n  f i g u r e  7 fo r  t he  hype rbo lo id  
a t  a = 15O. 
A l l  measured pressure and shock-shape values on the sphere-cone and hyperboloid 
are p r e s e n t e d   i n  tables I, 11,  111, and I V .  
PREDICTION METHOD 
The p r e d i c t i o n  method of  Kumar and  Graves (ref. 30) w a s  u s e d  e x c l u s i v e l y  i n  t h i s  
i n v e s t i g a t i o n ,  s i n c e  it is one of  the few methods avai lable  which consider  both vis-  
cous f l o w  and  bodies a t  a n g l e s  o f  a t t a c k .  Also, it is shown i n  r e f e r e n c e  28 t h a t  
r e s u l t s  from t h i s  p r e d i c t i o n  method  show gene ra l ly  exce l l en t  ag reemen t  wi th  measu red  
r e s u l t s  on sphere-cones.  This method ca l cu la t e s   t he   l amina r   and   t u rbu len t   hype r son ic  
f lows  in  the  p l ane  o f  symmetry about  b lunt  ax isymmetr ic  bodies which have outflow 
boundar i e s  t ha t  are predominate ly  supersonic ;  thus ,  the  angle  of a t t a c k  f o r  w h i c h  a 
s o l u t i o n  w i l l  b e  v a l i d  is l i m i t e d ,  s i n c e  a s o n i c  c o r n e r  c o n d i t i o n  may be approached 
i n  t h e  windward  symmetry  plane as the   ang le  of a t t a c k  i n c r e a s e s .  I n  a d d i t i o n ,  t h e  
form of t h e  a s s u m e d  m e r i d i o n a l  p r e s s u r e  d i s t r i b u t i o n  u s e d  i n  t h e  s o l u t i o n  becomes 
less a c c u r a t e  as t h e  a n g l e  o f  a t t a c k  i n c r e a s e s  a n d  t h u s  f u r t h e r  restricts t h e  s o l u -  
t i o n  t o  small ang le s  o f  a t t ack .  
The code ( d e s c r i b e d  i n  ref. 33) is w r i t t e n  i n  STAR  FORTRAN language for t h e  
Cont ro l  Data CYBER 203 computer  (upgraded  from  Control Data STAR-100). Time- 
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dependent ,  viscous-shock-layer- type equat ions are used t o  d e s c r i b e  t h e  f l o w  f i e l d ,  
and these equat ions are so lved  by an  exp l i c i t ,  two-s t ep ,  t ime-asympto t i c  f in i t e -  
d i f f e r e n c e  method.  Although  the  code w a s  o r i g i n a l l y  w r i t t e n  f o r  a i r  a c t i n g  as a 
p e r f e c t  g a s  and  used  Suther land ' s  v i scos i ty  l a w ,  it w a s  m o d i f i e d  f o r  t h i s  i n v e s t i g a -  
t i o n  to  consider  hel ium as a per fec t  gas  and  to  use  the  fo l lowing  modi f ied  form of  
t h e  S u t h e r l a n d  v i s c o s i t y  l a w  (ref. 34):  
T1 .647 
p = 7 * 1 7 3  T + 1.5 x 
RESULTS AND DISCUSSION 
P r e s s u r e  D i s t r i b u t i o n s  
Measured pressures ,  normal ized  by the value measured a t  o r i f i c e  number 1 (where 
s/st = 01, are presented   versus  s/st fo r   t he   sphe re -cone   and   hype rbo lo id   i n   f i g -  
u r e  8 f o r  a l l  values   of  a and 4. In   general ,   the   measured  sphere-cone  pressures  
are lower than the measured hyperboloid pressures  in  the overexpansion region but  
are h igher   than   the   hyperbolo id   p ressures   a long   the   sk i r t   reg ion .   For  a < 15O, t h e  
sphe re -cone   a l so   exh ib i t s  a much l a r g e r   p r e s s u r e   g r a d i e n t   n e a r  s/st = 1 as t h e  
su r face   p re s su re   expands   r ap id ly   t o   r each   son ic   cond i t ions  a t  the   corner .   For  
a = 15O and 18O and 4 > 135O ( f i g s .  8(g), ( h )  , and (i 1, the   measured  pressures  
for   bo th   shapes  are very similar, probably   because   the   loca l   f low is subsonic.  For 
a l l  values  of a and 4, t h e   p r e s s u r e   d i s t r i b u t i o n s  on the   hyperbolo id  are s i g n i f i -  
cant ly  smoother  than those on the sphere-cone. 
Comparisons between measured and predicted p r e s s u r e  d i s t r i b u t i o n s  on the  sphe re -  
cone are p r e s e n t e d  i n  f i g u r e  9, with the pressure values  nondimensional ized by twice 
the  free-stream  dynamic  pressure (2q) .  The disagreement  between  measured  and  pre- 
d i c t ed   va lues   nea r  s/st = 0 is due t o  a higher-than-the-average Mach number  on t h e  
t u n n e l   c e n t e r l i n e .   I n   r e f e r e n c e  31, t u n n e l  c a l i b r a t i o n s  a t  t h e  same f low  cond i t ions  
and  loca t ion  show t h e  c e n t e r l i n e  Mach number t o  be abou t  0.5 higher  than  the  average  
t e s t - co re  Mach number of 20.3, b u t  a t  l o c a t i o n s  f1/2 i n .  f rom the  cen te r l ine ,  t he  
Mach number d e v i a t i o n  is only k0.1. I f  t h e  m e a s u r e d  p r e s s u r e s  i n  t h i s  r e g i o n  o f  d i s -  
agreement were d iv ided  by the free-s t ream dynamic pressure based on a Mach number 
of 20.8, the  agreement would be e x c e l l e n t .  Thus, i n  t h e  d i s c u s s i o n  o f  t h e  p r e s s u r e -  
d i s t r i b u t i o n  c o m p a r i s o n s  ( f i g s .  9 and 10) which  follow,  the  disagreement  between 
measured  and  predicted  values  near s/st = 0 w i l l  be ignored.  
Measured  and p r e d i c t e d  p r e s s u r e  d i s t r i b u t i o n s  on the  sphere-cone  for  a = O o  
( f i g .  9 ( a ) )  show exce l len t  agreement  except  a t  t h e  a f t  end (corner)  of  the body,  
where t h e  p r e d i c t i o n  method is n o t  d e s i g n e d  t o  a c c o u n t  f o r  t h e  p r o p e r  c o r n e r  s o l u t i o n  
(M = 1 ) .  The e x p e r i m e n t a l  p r e s s u r e  d a t a  i n d i c a t e  s u b s o n i c  f l o w  o v e r  t h e  s u r f a c e  a n d  
approach   the   sonic   p ressure   va lue  a t  the co rne r .  These  r e su l t s  complement  hose  of 
r e fe rence  28 i n  wh ich  p red ic t ed  son ic  l i nes  in  the  shock  l aye r  show a subsonic  nose 
region and a mixed (subsonic  and  supersonic)  reg ion  on  the  sk i r t  wi th  a Mach 1 condi-  
t i o n  a t  the   corner   and   predominate ly   supersonic   ou t f low.   For  a = 5O ( f i g .   9 ( b )  1, 
t h e  p r e d i c t e d  values are i n  r e a s o n a b l y  good agreement with the measured values except 
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near  the  end  poin t  (s/st = 1 ) .  The f i r s t  clear s ign  o f  a breakdown i n  t h e  p r e d i c t i o n  
technique   for   sphere-cone   pressures  is obse rved   fo r  a = 1 Oo ( f i g .   9 ( c )  1. 01 both  
the leeward and windward s ides  the predicted pressures  are higher than the measured 
v a l u e s  a n d  d i v e r g e  s i g n i f i c a n t l y  away from the measured values toward the end of the 
body. This set  of r e s u l t s  is c o n s i d e r e d  t o  b e  o u t s i d e  t h e  r a n g e  o f  a p p l i c a b i l i t y  of 
the predict ion method,  probably because of  the large crossf low veloci ty  gradients  and 
a subsonic  outf low region on t h e  windward s i d e  f o r  t h i s  a n g l e  of  a t tack .  
Comparisons between measured and predicted pressure dis t r ibut ions on the hyper- 
b o l o i d   a r e   p r e s e n t e d   i n   f i g u r e  10.  For a = Oo ( f ig .   10 (a ) ) ,   t he   ag reemen t   be tween  
measured  and  predicted  values i s  exce l len t ,   even  n e a r  t he   co rne r .  For a = 5O 
and loo  ( f i g s .   1 0 ( b )   a n d   ( c ) ) ,   t h e r e  is excellent  agreement  between  measured  and 
p red ic t ed  p res su res  excep t  on the  windward s ide  nea r  t he  son ic  co rne r  fo r  a = I O o .  
For a = 15O ( f i g .  1 O(d) 1, the   d ivergent   charac te r   o f   the   p red ic ted   p ressures  i s  
s i m i l a r   t o   t h a t   o b t a i n e d   f o r   t h e   s p h e r e - c o n e   a t  a = l oo .  The re fo re ,   t he   p red ic t ion  
method is  c o n s i d e r e d  i n v a l i d  a t  t h i s  a n g l e  o f  a t t a c k .  
S t a t i c  Aerodynamic C o e f f i c i e n t s  
Measured  and p r e d i c t e d  r e s u l t s  a r e  u s e d  t o  compare  the  s ta t ic  aerodynamic  coef -  
f ic ien ts  for  the  sphere-cone  and  hyperbolo id  ( f i g .  1 1 ) .  The s t a t i c  aerodynamic 
c h a r a c t e r i s t i c s  a r e  e s s e n t i a l l y  t h e  same f o r  t h e  two shapes   except   for  C and CD. 
Note t h a t  t h e  l o n g i t u d i n a l  s t a b i l i t y  ( f i g .  1 1  ( b ) )  a n d  t h e  l i f t - d r a g  r a t i o  
( f i g .  I l ( c ) )  f o r  t h e  s p h e r e - c o n e  and  hyperbolo id  a re  (wi th in  measur ing  accuracy)  
e s s e n t i a l l y  i d e n t i c a l .  However, fo r   sma l l   ang le s   o f   a t t ack  ( a  < 1 O O ) ,  the  measured 
C and CD for   the   sphere-cone  are approximately 4 p e r c e n t   h i g h e r   t h a n   f o r   t h e  
hyperboloid.   This w a s  expec ted   f rom  observa t ion   of   the   p ressure   d i s t r ibu t ions ,   which  
show tha t  the  measured  pressures  on the  sphe re -cone  a re  g rea t e r  i n  t h e  s k i r t  r e g i o n  - 
where t h e  s u r f a c e  a r e a  is l a r g e r .  A l s o  i n c l u d e d  i n  f i g u r e s  11 ( a )  and   (b )   a r e   va lues  
which  were  obtained by i n t e g r a t i n g  bo+& the  measured  and  predicted  pressures .  Com- 
par i sons  be tween force- tes t  resu l t s  and  the  in tegra ted  measured  pressures  a re  good,  
with a maximum d i f f e r e n c e  o f  2 p e r c e n t  f o r  C a t  a = Oo ( f i g .  1 1  ( a )  1. Aerody- 
namic c o e f f i c i e n t s  which were obtained by i n t e g r a t i n g  t h e  p r e d i c t e d  p r e s s u r e s  a l s o  
show good  agreement. As a i nc reases ,   t he   i nc reas ing   d i f f e rences   i n   measu red   and  
p red ic t ed  C ( f i g .   l l ( a ) )  are due t o  approaching  the limit of  the  range  of  appli-  





F i g u r e   l l ( b ) ,   w i t h  a n  expanded  scale ,  shows t h a t   t h e   v a l u e s   a r e   r e l a t i v e l y  
small compared with to t a l  measu r ing  accu rac i e s .  
Shock  Shapes 
Measured  shock  shapes are presented  i n  f i g u r e  1 2  for the sphere-cone and hyper- 
bo lo id   fo r  a = Oo, 5O, l o o ,  15O, and 18O. For a l l   f i v e   v a l u e s   o f  a, the   shock 
s h a p e s   a r e   e s s e n t i a l l y   i d e n t i c a l   i n   t h e   n o s e   r e g i o n .   F o r  a = Oo ( f i g .   1 2 ( a )  ),  
t h e r e  is an  in f l ec t ion  po in t  i n  the  shock  shape  fo r  t he  sphe re -cone  caused  by t h e  
overexpansion-recompression  region. The hyperboloid  shock  shape is smoother  and  has 
a s l i g h t l y  g r e a t e r  s t a n d o f f  d i s t a n c e  i n  t h e  s k i r t  r e g i o n  compared with the sphere- 
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cone. The la t ter  obse rva t ion  is as expec ted ,   s ince   the   measured   sur face   p ressure  
on the  hyperboloid is less than  that   measured on the   sphere-cone .   (See   f ig .   8   for  
a = OO.) Higher   p ressures  mean h i g h e r  d e n s i t i e s  i n  the   shock   layer ;   thus ,  less d i s -  
tance (volume) is  r e q u i r e d  f o r  a n  e q u i v a l e n t  amount  of  mass i n  t h a t  r e g i o n .  
For a = 5O, loo,   and 15O ( f i g s .   1 2 ( b ) ,  ( c ) ,  and (d ) ) ,   t he   compar i sons  are 
similar. W i t h i i t h e  a c c u r a c y  of the  measurements ,   the   shock  shapes  for   both  bodies  
are about  the same on t h e  windward side; however; on the  leeward  s ide  the  sphere-  
cone  shock  s tandoff   dis tance i s  less than   t ha t   fo r   t he   hype rbo lo id .   Fo r  a = 18O 
( f i g .  1 2 ( e ) ) ,  t h e r e  a p p e a r  t o  b e  e x a c t l y  o p p o s i t e  t r e n d s  on t h e  windward  and  leeward 
s i d e s .  On t h e  windward s ide   the   sphere-cone   shock   s tandoff   d i s tance  is less than 
tha t  for  the  hyperbolo id ;  however ,  on the leeward side the sphere-cone shock standoff 
d i s t a n c e  is g r e a t e r  t h a n  t h a t  f o r  t h e  h y p e r b o l o i d .  
The predicted shock shapes for  both the sphere-cone and hyperboloid are pre- 
s e n t e d   i n   f i g u r e   1 3   f o r  a = Oo and 5O. No  comparisons are p r e s e n t e d   f o r  a > So 
because one or  both of  the solut ions break down fo r  t hese  h ighe r  ang le s  o f  a t t ack .  
The comparisons  for  a = Oo and 5O ( f i g s .   1 3 ( a )   a n d   ( b ) )   a r e   s i m i l a r ;   t h e   g r e a t e r  
b luntness  of the sphere-cone nose for  these bodies  causes  the shock to  s tand off  
s l i g h t l y  more in   that   region.   Far ther   downstream,  the  sphere-cone  shock wave has  
t h e  i n f l e c t i o n  p o i n t  c a u s e d  by the overexpansion-recompression region, and the 
hyperboloid shock shape exhibi ts  i t s  typical  smoothness .  
Comparisons between measured and predicted shock shapes on the sphere-cone 
and  hyperboloid  are   presented i n  f i g u r e s  14  and  15.  For the  sphere-cone a t  a = Oo 
and 5O ( f i g s .  1 4 ( a )  a n d  ( b )  ) ,  t h e r e  is excellent  agreement  between  measured  and 
predicted  values.   In  the  downstream  regions of the   sphere-cone   for  a = l o o  
( f i g .  1 4 ( c ) ) ,  t h e  s h o c k - s h a p e  o v e r p r e d i c t i o n  is t h e  r e s u l t  of  a breakdown i n  t h e  
t h e o r y  a t  t h i s  a n g l e  of  a t tack ,  as  no ted  previous ly  wi th  the  pressure  compar isons .  
Comparisons  between  measured  and  predicted  hyperboloid  shock  shapes  for a = Oo, 
5O, a n d   l o o   ( f i g s .   1 5 ( a ) ,   ( b ) ,   a n d   ( c ) )  show general ly   excel lent   agreement .   For  
a = 15O ( f i g .  1 5 ( d )  1, the   disagreement  is due t o  t h e  i n v a l i d i t y  of   the   p red ic t ion  
t echn ique  fo r  t h i s  ca se .  
CONCLUDING REMARKS 
An i n v e s t i g a t i o n  was conducted to  examine the measured and predicted pressure 
d i s t r i b u t i o n s ,  f o r c e s  and  moments,  and  shock  shapes f o r  a geometrically matched 
sphere-cone  and  hyperboloid. A l l  t e s t s  were performed  in  the  22-inch  aerodynamics 
leg of the Langley Hypersonic Helium Tunnel Facil i ty a t  a Mach number  of  20.3. 
Predic ted  va lues  were obta ined  by us ing  a t h e o r e t i c a l  method  by Kumar and Graves 
( A I A A  Paper No.  77-172).  
R e s u l t s  f rom the  measu red  and  p red ic t ed  p res su re  d i s t r ibu t ions  showed much 
smoother   var ia t ions  for   the  hyperboloid  than  for   the  sphere-cone.   Besides   showing 
bet ter  agreement  with measured pressures  on the  hype rbo lo id ,  t he  p red ic t ion  method 
also p r o v i d e d  b e t t e r  r e s u l t s  a t  h ighe r  ang le s  o f  a t t ack  on the  hyperbolo id  than  on 
the  sphere-cone.  Aside  from  the  approximately 4 p e r c e n t  h i g h e r  d r a g  c o e f f i c i e n t  
(near  a = Oo) for   the   sphere-cone ,  l i t t l e  or no d i f f e rence  ex i s t ed  in  the  measu red  
and  predicted s ta t ic  aerodynamic   coef f ic ien ts .  Also, e s s e n t i a l l y  no d i f f e r e n c e  i n  
t h e  m e a s u r e d  l o n g i t u d i n a l  s t a b i l i t y  w a s  no ted  fo r  t he  two shapes  fo r  ang le s  o f  a t t ack  
up to  approximately 1 8 O .  Shock-shape  measurements  (which are less s e n s i t i v e  param- 
eters for   comparison  purposes)   a lso  produced similar f ind ings .  The measured  and 
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predicted shock shapes were much smoo the r  fo r  t he  hype rbo lo id  than  fo r  t he  sphe re -  
cone,  and the predict ion method p r o v i d e d  b e t t e r  r e s u l t s  a t  h ighe r  ang le s  o f  a t t ack  
on the hyperboloid than on the sphere-cone. 
It w a s  shown i n  t h i s  i n v e s t i g a t i o n  t h a t  t h e  g e o m e t r i c a l l y  matched sphere-cone 
and hyperboloid were approx ima te ly  iden t i ca l  i n  shape  and ,  t he re fo re ,  i n  volume. 
Physically,   then,  the  hyperboloid  shape  could  replace  the  sphere-cone.  Measurements 
which helped determine the performance of the t w o  shapes have also been made and 
showed l i t t l e  o r  no d i f f e r e n c e .  As expected,  because  of i t s  a n a l y t i c a l  n a t u r e ,  p r e -  
dict ions for  the hyperboloid provided bet ter  agreement  with measured values  and also 
p r o v i d e d  b e t t e r  r e s u l t s  € o r  h i g h e r  a n g l e s  o f  a t t a c k .  S i n c e  t h e  f i n a l  d e s i g n  o f  p l a n -  
e ta ry  en t ry  probes  depends  on p red ic t ion  me thods ,  g rea t e r  cons ide ra t ion  shou ld  be  
g iven  to  hyperbolo id  shapes  for  p lane tary  miss ions .  
Langley Research Center 
National Aeronautics and Space Administration 
Hampton, VA 23665 
November 19,  1982 
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TABLE 1.- Continued 
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TABLE I .- Concluded 
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TABLE 11.- MEASURED  HYPERBOLOID  PRESSURES (p/2q) 
s / s  t a = Oo a = 5 O  a = loo a = 1 5 O  a = 18' 
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TABLE 111.- MEASURED SPHERE-CONE  SHOCK  SHAPES 
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TABLE I11 .- Continued 
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TABLE I11 .- Concluded 
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TABLE 1V.- MEASURED HYPERBOLOID SHOCK SHAPES 
a = 0" a = 5 O  
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TABLE IV . - Conc luded 
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Figure  1 .- T e s t  area f o r  the 22-inch aerodynamics leg of the Langley Hypersonic  
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(a )  Coordinate  systems. (All dimensions in   inches . )  




(b) Shape  comparison. 
Figure 2.- Concluded. 
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Figure 6.- Sketch of tunnel  setup. (All dimensions in inches . )  
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L-82-209 
Figure 7.- Example of electron-beam photograph. 
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Figure 8 . -  Measured pressures on the sphere-cone and hyperboloid. 
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Figure 8 .- Continued. 
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Figure 8 .- Continued. 
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Figure 8 .- Continued. 
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Figure 8 .- Continued. 
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Figure 8 .- Continued. 
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Figure 12.- Measured shock shapes on the 
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Figure 13.- Predicted shock shapes on the  
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Figure 14.- Measured and predicted shock 
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Figure 15.- Measured  and predicted shock 
shapes on the hyperboloid. 
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( d )  a = 1 5 O .  
Figure 15 .- Concluded. 
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